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The current study will also examine the existence or lack thereof of a correlation between k d and the pavement surface layer seismic modulus (E SEIS ) estimated by the spectral analysis of surface waves (SASW) method (1) . The existence of a correlation between k d and E SEIS of a pavement section would enable estimation of pavement load-bearing capacity from IR tests. The current study will also investigate the existence of a correlation between PCI inferred from visual distress and k d for both AC and PCC pavement sections. A major advantage of IR-based structural health models is expected to be their ability to efficiently extrapolate predictions out of the data range and conditions. Such performance degradation models would enhance the understanding of the causes of pavement distress and assist in the selection of the most appropriate maintenance and rehabilitation strategy for the network.
History of ir MetHod
The IR method, also referred to as the transient dynamic response method or the sonic mobility method, is believed to have been developed from the forced vibration method in France in the early 1960s for evaluating the integrity of cast-in-place bored piles. Since the 1980s, with advances in portable computers and data acquisition sensors and equipment, the IR method has been applied by researchers to various problems. Davis and Dunn used the method to detect defects in piles by comparing their response with the expected response of sound piles (2). Prommer described the IR method as a surface reflection method used by researchers for evaluating drilled shafts in a free-head condition (3) . The researchers studied the effectiveness of the IR method on inaccessible shafts and used the method to study bridge foundations. Davis and Hertlein used the IR method to investigate the integrity of aging concrete chimney stacks and flyash silos in electricity-generating plants (4) . They found the simplicity of the IR test especially useful because of the large size and height of the structures investigated. They computed the ratio of mean mobility to k d for test sites along the structure and were able to locate sections with problems like exposed steel reinforcement, areas of concrete delamination, and honeycombing.
Pederson and Senkowski undertook research to determine the proper procedures to effectively stabilize the soil beneath plain PCC pavement and a method of verifying the quality of the stabilization operation for a highway pavement (5) . They successfully used the IR method to map void patterns and to measure the stiffness of PCC slabs. Davis Managing pavements requires a reliable pavement performance indicator. The current study examines the feasibility of using the impulse response (IR) method to provide a reliable, mechanistic measure of current and future pavement performance. In an extension of the pavement family approach, IR-inferred dynamic stiffness (k d ) decay models were generated for pavements with asphalt concrete (AC) and portland cement concrete (PCC) surfaces. AC pavement family subdivisions devised with the total thickness of structurally capable layers were found to yield the most significant correlations. Grouping data from all IR tests on PCC pavement sections into one family yielded a coefficient of determination of large significance with low scatter in the data. A statistically significant correlation could not be established for AC pavement between IR-estimated k d and the low-strain modulus (E SEIS ) inferred by the method of spectral analysis of surface waves. In PCC pavements, a weak correlation was observed between k d and E SEIS . Though the sample used for comparison with structurally distressed sections was small, results suggested that in AC pavements, visually inferred traffic-related distresses did not correlate with structural failure. For PCC pavements, visual identification of structural distresses was more accurate than for AC pavements.
A pavement management system (PMS) based on the pavement condition index (PCI), which relies solely on visual condition ratings for pavement condition estimation, cannot provide the optimum maintenance selection since it lacks structural information (1). The current research provides an opportunity to study alternatives to replace or supplement the visually derived PCI. Specifically, the current research will examine the suitability of the impulse response (IR) method for pavement health monitoring. Owing to the rapid test procedure and ease of data analysis, IR testing presents an opportunity for developing a nondestructive tool for pavement health monitoring. In the current study the dynamic stiffness (k d ) measured by IR testing will be evaluated as an indicator of pavement health. It is postulated that k d can measure the structural adequacy of an airport asphalt concrete (AC) or portland cement concrete (PCC) pavement and that its degradation over time can be modeled by seven different bridge decks on a heavily traveled Interstate highway in the eastern United States (6) . They found that the k d estimated from IR testing decreased with increasing severity of overlay debonding and mean mobility increased with decreasing effective layer thickness. Davis and Hertlein used IR testing along with other nondestructive techniques like parallel seismic testing, ultrasonic pulse velocity, and sonic logging to evaluate concrete radioactive waste tanks for Los Alamos National Laboratory, New Mexico (7). IR testing was used to study honeycombing and cracking in concrete structural elements. Davis and Kennedy used IR testing to evaluate the degree of alkali-aggregate reaction in concrete drilled shaft foundations for electricity transmission towers (8). Davis et al. used IR testing to evaluate the efficiency of tunnel lining grouting programs (9) . The testing measured the average mobility, k d , and the ratio of peak to mean mobility, also called the void ratio.
Reddy used a curve-fitting algorithm with the flexibility response curve from IR testing to extract modal parameters like static flexibility and maximum flexibility (10) . With these extracted parameters, the shear modulus of the subgrade and damping ratio of the subgrade could be computed. Reddy concluded that this flexibilitybased IR testing produced repeatable results and that the method was successful in locating voids greater than twice the thickness of the slab. Nazarian et al. present the details of the flexibilitybased IR testing method and presented case studies to demonstrate its use (11) . Again, the procedure showed its robustness in detecting voids underneath rigid pavement (12) . The IR testing was used to detect voids and loss of support. Nazarian and Reddy concluded that the elastic modulus and dimensions of the slab have little effect on flexibility, whereas thickness of the slab and the modulus of the subgrade more significantly affect the flexibility spectrum (13) . Gucunski et al. used IR testing to evaluate pavement undersealing on a section of I-287 in New Jersey (14) . The operation involved the injection of polyurethane foam under slab joints. IR tests performed before and after injection indicated an increase in subgrade modulus, confirming the success of the operation.
overview of ir MetHod
The IR test uses a low-strain hammer impact to send a stress wave through a pavement section. The experimental setup is shown in Figure 1 . At low frequencies (<1 kHz) the pavement surface layer responds to the IR hammer impact in a bending mode. At the interface of the surface layer and the base layer, a portion of this energy is transmitted to the bottom layers and the remainder is reflected to the surface layer. In the case of voids, nearly the entire incident energy is reflected. The load and displacement time histories are recorded and transformed to the frequency domain. The ratio of the resulting velocity spectrum is divided by the force spectrum to obtain a transfer function (termed mobility, M) of the element under testing in units of velocity/force. The response graph of M plotted against frequency contains information on the condition and the integrity of the pavement in the tested elements as well as the quality of subgrade support, delamination and debonding of overlays, honeycombing in concrete, and other distresses. The two important parameters derived from this test are k d and M.
IR data were collected by using a portable data acquisition computer manufactured by Olson Engineering (Wheat Ridge, Colorado) and geophones manufactured by Geo Space Corporation. TFS software was used for data acquisition and processing to obtain the transfer function, mobility, and flexibility plots. The field data collected for AC pavements were corrected for temperature with Equation 1 from Li and Nazarian (15):
where E t is E SEIS at temperature t and E 77 is the seismic modulus at a temperature of 77°F. Equation 1 is assumed to hold for AC stiffness from IR tests. Therefore, Equation 2 was used to correct field stiffness to a reference temperature of 77°F:
where k dt is the measured k d at temperature t in degrees Fahrenheit and k d77 is the dynamic stiffness at a temperature of 77°F. Figure 2 provides a brief insight into the data collection and analysis procedure followed during IR tests. As the hammer is struck on the test surface, the data acquisition device acquires the response from the load cell in the instrumented hammer and from the geophone. The acquired time histories from the sensors (Figure 2a determine the velocity and force spectra (Figure 2b ). Mobility is obtained as follows: 
data ColleCtion PrograM
The industry standard for airport pavement condition data collection is set by ASTM D5340 and is described in great detail by Shahin (16) . This method involves the subdivision of the airport pavement network's inventory of pavements into smaller, consistent units. With this method, Oklahoma's airport pavement network was divided into branches based on use-runways, taxiways, and aprons. Each branch was further subdivided into sections based on traffic patterns (left edge, right edge, and center) and construction history. In a section, test locations were positioned in a manner to obtain representative data. Test sites were thus located from every 250 ft in a heavily used pavement to every 1,000 ft on a less heavily used pavement section. Destructive sampling to extract pavement cores and soil samples, dynamic cone penetration tests, SASW tests, and visual distress surveys to estimate PCI were conducted in addition to IR tests in each section.
The pavement inventory is described in Table 1 . Core data were available for 232 AC pavement sections and 74 PCC pavement sections. IR tests were performed in two phases. In Phase 1 (2000 to 2002), baseline data were collected and analyzed at 80 airports. In the second round (2003 to 2005), a third of the airports were revisited annually to collect SASW, IR, and visual distress data. Core extractions and soil sample collection were performed only in the first phase. During the data collection program a total of 6,079 IR tests were performed. The average of all IR tests in a pavement section was used to represent the stiffness (k d ) of that section. Thus, data from the 6,079 IR test sites were used to develop dynamic stiffness values for a total of 304 AC sections and 110 PCC sections. In the first phase a total of 180 pavement sections were tested. In the second phase 234 sections were tested. In the second phase, inspections at 85 AC sections and 23 PCC sections were repeated.
PaveMent PerforManCe Modeling
A key feature of a PMS is its ability to forecast pavement condition. This forecast is performed by developing pavement performance models (PPMs) that demonstrate the degradation of pavement condition with age. Conventional PMSs use models based on visual distress. The objectives of the current study were to investigate the ability of k d to capture pavement degradation with age. The development of PPMs using k d data requires the grouping of the vast pavement network into smaller units or "families" of similar pavement sections. Once this grouping is accomplished, k d data in conjunction with appropriate statistical techniques enable the development of PPMs.
Grouping the network of general aviation airport pavements into pavement families requires identification of factors that contribute to pavement performance. Yuan and Mooney evaluated seven pavement factors for grouping Oklahoma's airfield pavements into pavement families for developing PCI-based PPMs (17) . Their evaluation resulted in the classification of the Oklahoma airfield pavement network into 11 pavement families. In the current study, the analysis of Yuan and Mooney as well as additional classification factors were evaluated (18) . For each evaluation, families were assigned identification tags by using an AC(m, n) or PCC(m, n) format with m being the grouping trial number and n the family of the mth trial. Thus, family tag AC(2, 1) identifies the first family grouping of the second trial for AC pavement sections. The following factors were evaluated:
1. AC(1, 1). All AC pavements were classified in a single family. 2. AC(2, 1) to AC(2, 7). The family classification procedure by Yuan and Mooney (17) was used for AC pavements.
3. AC(3, 1) and AC(3, 2). The total thickness of "structurally capable" layers (i.e., AC, PCC layers, aggregate layers, cement or other treated and stabilized bases) of each section was used to group asphalt pavements into only two families. Sections with load-bearing thickness less than 10 in. were identified with the tag AC(3, 1) and those with load-resisting thickness in excess of 10 in. were identified as AC(3, 2).
4. PCC(1, 1). All PCC pavements were classified in a single family.
5. PCC(2, 1) through PCC(2, 3). The family classification procedure by Yuan and Mooney (18) was used for PCC pavements.
PPMs for the various family groupings were developed with the constrained multidegree polynomial regression procedure devised 
= ′−ˆ(7)
where Ŷ i is the fitted/predicted IR stiffness of the ith pavement section at age x i . where k is the total number of IR tests in the current grouping, and n is the polynomial regression order. The magnitude of r 2 is interpreted as the proportion of dependent variation "explained" by the independent variable. Cohen has suggested interpretations for correlations in psychological research although the interpretation depends on the context and purposes (19) . It is expected that increasing values of the coefficient of determination (r 2 ) and identification of outliers will result in lower SEE values. Though statisticians generally desire the SEE to be as low as possible, there is no clear guidance available on how low it should be. Guidance is, however, available for the relative standard error (RSE) or the coefficient of residual variability:
where Y -is the mean. Regression analysts prefer models with an RSE lower than 15% (20) . However, this traditional expectation is waived in pavement data because of the spatial variability of pavement properties and also the difficulty in characterizing such a large object with a few sample points. Therefore regression models with RSE values lower than 20% are considered adequate in the current study. Table 2 shows key regression parameters for the various AC pavement family subdivision methodologies considered in this research. Note: AC = asphalt concrete; PCC = portland cement concrete; RW = runway pavement; TW = taxiway pavement; AP = apron pavement; DNF = dry, no freeze zone; WNF = wet, no freeze zone; environment = pavements with dominant environmental distresses; load = pavements with dominant load-related distresses; combined = pavements exhibiting a mix of traffic-related and environment-related distresses with neither dominating; -= insufficient data.
results aC Pavement Performance Models
data from each of the tested 303 AC pavement sections. From Figure 3 , k d is observed to decrease with pavement age. From an initial value of 120 kips/in., the dynamic stiffness degrades to approximately 60 kips/in. by the end of the first 20 years of pavement life and then from an age of 20 to 35 years, k d decay decelerates. Several models were evaluated and ranked on the basis of the value of the coefficient of determination (r 2 ), the number of outliers, and the value of SEE. The model with the lowest average of these three ranks was selected to model k d decay. The selected best-fit model has a coefficient of determination of medium significance (.46) with 9.9% outliers. The high RSE (26.9%) suggests scatter in the data and underscores the need to consider other family subdivision methodologies. Table 2 also provides details of regression performed with AC pavement inspection data with the family subdivision methodology devised by Yuan and Mooney (17) . With this criterion, the data are subdivided into Families AC(2, 1) through AC(2, 7). The coefficient of determination of the selected best-fit k d decay models for these data varies over a wide range, from .28 to .59. As shown by the high RSE values (21.8% to 51.7%), there is significant scatter in the data.
Figures 4 and 5 present details of the selected regression models for Families AC(3, 1) and AC (3, 2) devised by using the total thickness of structurally capable layers in the pavement section as a family subdivision criterion. For both family subdivisions, r 2 -values of large significance are observed, that is, .55 for AC (3, 1) and .50 for AC (3, 2) . Also, RSE values of 19.2% and 30.7% were observed for the two families, indicating low scatter of data for AC(3, 1) and higher scatter in AC (3, 2) .
Selection of the most suited family subdivision procedure for IR data was accomplished by using a weighted ranking procedure that assigned ranks for value of r 2 , the percentage of outliers, and RSE values. The ranks were weighted with the number of data in each subdivision and the total weighted average rank for each family subdivision procedure. It was observed that families devised with the thickness of structurally capable layers in the pavement section outperformed others. Table 2 presents key regression parameters for the various PCC pavement family subdivision methodologies considered in this research. Figure 6 presents the selected best-fit regression model for k d decay of Family PCC(1, 1) , which included data from all 110 PCC pavement sections tested. From Figure 6 , k d is observed to deteriorate to less than half its initial value-that is, from 400 kips/in. to 165 kips/in.-at the end of the first 20 years of pavement life. The rate of decay of dynamic stiffness slows down from 30 to 50 years. A significant coefficient of determination (.85) was observed for the selected best-fit regression model, with a low RSE value of 16.9%, and there was 18.0% outliers. With the analysis by Yuan and Mooney (17) , k d data for PCC pavement sections were subdivided into four families: PCC(2, 1) through PCC(2, 4). Regression was not performed for Family PCC (2, 4) . Table 2 presents details of the results of the regression performed. It is observed that regression yields best-fit models with coefficient of determination values of large significance (.77 to .92) and low RSE values (<20%) for each family.
PCC Pavement Performance Models
The most suited family subdivision methodology was selected by using a procedure similar to that used for AC pavements. From this analysis it was concluded that the family subdivision by Yuan and Mooney (17) works well for k d data. However, since there was an insufficient number of IR tests on apron pavements, it was recommended that a single family including all PCC sections [i.e., Family PCC(1, 1)] be employed to model k d decay with pavement section age.
Comparison of ir stiffness with sasw-estimated E seis
The IR method uses body waves to estimate the stiffness of the material being investigated. The test uses a low-strain impact to generate stress waves through the tested element. The SASW method, however, uses surface waves to estimate the low strain E SEIS of the material tested. In the case of the SASW method, the travel time of surface waves between two receivers placed at a known distance apart is used to compute the surface wave velocity, which is then used to estimate E SEIS . Since the dynamic stiffness estimated from IR testing and the E SEIS value estimated by SASW are both measures of the ability to resist deformation of the material under investigation, the existence of a correlation between them was explored. In the case of AC pavements, no correlation between k d and E SEIS was observed. Figure 7 is a plot of k d and E SEIS for 33 PCC pavement sections. In this case, the linear best-fit line has an r 2 -value of about .2; that is, a correlation of "small" significance (19) between k d and E SEIS for PCC pavements is observed. This observation is consistent with the finding of Nazarian and Reddy (13) that elastic modulus and dimensions of the slab have little effect on flexibility, the inverse of stiffness.
Comparison with PCi
In line with the objectives of this research, a correlation between k d and PCI as well as between k d and PCI computed with observed structural distresses alone (PCI s ) was investigated. Structural distresses in AC pavements include alligator cracking and rutting, whereas corner breaks, linear cracking, and shattered slabs are structural distresses observed in PCC pavements (ASTM D5340). PCI s was calculated as follows: 
PCI D V ( 11)
S S = − 100 where PCI S is the PCI of the pavement section due to structural distresses alone, and DV S is the total of structural distress-related deducts observed in the section.
For this study, a structurally distressed pavement section was defined as one in which load-related deducts exceeded 50% of the total deducts due to traffic and environmental causes. With this procedure, structurally distressed sections were identified for AC and PCC pavements. Of the 301 AC pavement sections tested with the IR method, both stiffness and PCI data were available for only 192 sections. Of these, 12 sections exhibited dominant structural distress, that is, 6.25% of the total. A correlation of small significance (r 2 = .16) between k d and PCI of the section is observed. An even lower correlation is observed between k d and PCI s . Figure 8 plots the variation of k d with PCI ratings for 110 PCC pavement sections. The linear best-fit line (r 2 = .37) exhibits a correlation of medium significance (20) . With the methodology described earlier, 10 structurally distressed PCC pavement sections were identified, that is, about 9.1% of the total. The low correlation of PCI with k d of both AC and PCC pavements supports the hypothesis that visual distresses alone cannot provide total guidance for maintenance selection. Since PCI is calculated by using visual distresses, some of which are attributable to environmental causes and others to traffic operations, the low correlation is understandable. The absence of a more significant correlation between k d and the PCI s of structurally distressed AC pavement sections was not expected. It is therefore concluded that for AC pavements, visual detection of structural distresses is not accurate and the distress may be attributable to other reasons. In the case of PCC pavements it is observed that identification of structural distresses is more accurate than in the case of AC pavements.
ConClusions
From the results of IR tests at 6,079 sites located at 81 general aviation airports in Oklahoma it was observed that k d , the dynamic stiffness estimated from IR testing, was found to decay with time for both AC and PCC pavement sections. With the family approach (16, 17) and suitable statistical tools, k d decay models of medium to large significance for AC and PCC pavements were obtained. AC pavement family subdivisions devised by using the total thickness of structurally capable layers in a pavement section were found to yield the most significant correlations. PCC family subdivisions devised by Yuan and Mooney were observed to provide the most statistically significant k d degradation models (17) . Regression for Family PCC(2, 4) representing apron pavements could not be performed because of insufficient data. Grouping data from all IR tests on PCC pavement sections tested into one family-PCC(1, 1)-yielded a coefficient of determination of large significance (.92) with a low RSE value (13.4%) and 8.2% outliers. Consequently, grouping of all PCC pavements into one family was recommended. A statistically significant correlation between IR-estimated k d and SASW-estimated E SEIS for AC pavement could not be established. In the case of PCC pavements a weak correlation was observed between the SASW-estimated modulus and IR stiffness. This observation confirmed the finding of Nazarian and Reddy that elastic modulus and dimensions of the PCC slab have little effect on k d (13) .
A correlation of "small" significance was observed between k d and PCI rating of AC pavement sections. Though the sample used for comparison with structurally distressed sections was small, results suggest that in AC pavements, visually inferred traffic-related distresses do not correlate with structural failure. In the case of PCC pavements a correlation of "medium" significance was observed between k d and PCI ratings (r 2 = .37) and a nearly identical correlation (r 2 = .40) was observed between k d and PCI S . Ignoring the limited size of the database used, it is observed that for PCC pavements visual identification of structural distresses is more accurate than in the case of AC pavements. 
